In most invertebrate taxa, males are smaller than females and large male sizes are only favoured when male±male competition for access to females is intense. In addition, in species where sperm competition is important, relatively large investments in testis growth and ejaculate size will also be selected. The use of copulatory plugs by males of some taxa, however, can prevent sperm competition. We hypothesized that, across related species in which males use plugs, relative testis size would decrease with increases in the severity of male±male competition. We tested this prediction across 112 species of acanthocephalan parasites, worms that use copulatory plugs and in which male±male competition occurs. As a measure of the intensity of male±male competition in a given species, we used sexual size dimorphism. Male and female body volume covaried allometrically, suggesting that sexual size dimorphism in acanthocephalans is the product of sexual selection. Our main ®nding is that relative testis volume, corrected for male body volume, decreases signi®cantly as male body volume relative to female volume increases, i.e. as the sexual size dimorphism becomes less female-biased. All our results remained unchanged after we controlled for potential phylogenetic effects. The relationship indicates that investment in testis growth beyond the minimum size required for ef®cient fertilization becomes increasingly less important in species where males appear to compete intensely for mating opportunities.
INTRODUCTION
Sexual size dimorphism is extremely common in animals. To a certain extent the dimorphism may be a result of ecological divergence between the sexes (Shine, 1989) , but in general the differentiation of reproductive roles and the sexual selection that followed appear as the main causes of sexual dimorphism (Fairbairn, 1997) . In many groups, selection has favoured larger body size in females than males because of a fecundity advantage (Ridley, 1983; Arak, 1988; Hedrick & Temeles, 1989) . For instance, in most invertebrate taxa, where female fecundity usually correlates strongly with body size, female-biased size dimorphism is almost universal (e.g. Wicklund & Karlsson, 1988; Poulin, 1996; Morand & Hugot, 1998) . Male body size, in contrast, seems to be in¯uenced primarily by sexual selection, i.e. by the intensity of male±male competition for access to females (Ghiselin, 1974; West Eberhard, 1983) . There is much empirical evidence from a wide range of taxa showing that, across related species, the size of males relative to females increases with increasing levels of male±male competition (Bjo È rklund, 1990; Mitani, Gros-Louis & Richards, 1996; Poulin, 1997a) . Sperm competition can also play a role in the evolution of male body size; ejaculate size is also driven by sexual selection, and it correlates positively with body size in most taxa (e.g. Harcourt et al., 1981; Mùller, 1989 Mùller, , 1991 Wedell, 1997) .
Male±male competition sensu stricto and sperm competition may lead to a trade-off between investments in testis growth and sperm production on the one hand, and somatic growth on the other hand. As the size of males relative to that of females increases among related species, the relative investment in testis growth, corrected for male body size, also increases (Mùller, 1991; Wedell, 1997) . In other words, intense sexual selection favours high investments in both somatic growth and testis growth. This should lead to a trade-off in which somatic and testis growth achieve an optimal compromise (Stearns, 1992) . In taxa where sperm competition is very limited, however, we may expect that relative investments in testis growth will not increase and may even decrease as the sexual size dimorphism tilts in favour of males.
Acanthocephalan worms may be such a taxon. Adult acanthocephalans parasitize the intestines of vertebrates, where they mate. In most species, the sex ratio is femalebiased (Poulin, 1997b) , and females are markedly larger than males (Crompton, 1970 (Crompton, , 1985 . Males and females aggregate in sexual congress (Richardson, Martens & Nickol, 1997) , during which a single male can inseminate several females while other males do not succeed in mating (Crompton, 1974 (Crompton, , 1985 . Body size seems to be important in obtaining access to females and determining reproductive success in males (Parshad & Crompton, 1981) . After mating, acanthocephalan males plug the female gonopore with a cement which they secrete (Crompton, 1970 (Crompton, , 1985 , preventing further inseminations in the near future and thus sperm competition. Exactly how ef®cient these plugs are is unknown, but they appear to work for at least some time after mating (Crompton, 1970 (Crompton, , 1985 . Males can also grab rival males and place a cement plug on their reproductive organs (Abele & Gilchrist, 1977) , preventing them at least temporarily from inseminating females. Acanthocephalans therefore show female-biased sex ratios, high variance in male reproductive success with larger males being more successful, and no or very weak sperm competition. These parasitic worms thus present all the conditions for decreases in relative testis size with increases in male±male competition, i.e. with increases in male size relative to females.
Here we test this prediction using comparative data and controlling for phylogenetic in¯uences. We use the size of males relative to that of females as a measure of the intensity of sexual selection. Ideally, another, independent measure of sexual selection would have been desirable (see Cheverud, Dow & Leutenegger, 1985) ; however, in other taxa sexual size dimorphism has proven a reliable predictor of male±male competition (Mitani et al., 1996; Poulin, 1997a) and it is the only comparative index available for several species. Observing the postulated negative relationship between sexual size dimorphism and relative investments in testis growth would suggest that in the absence of sperm competition, testis size is kept to the minimum necessary for ef®cient fertilization. We also examined whether absolute testis size increases proportionally with female body size, to determine if a larger ejaculate size is selected in species with large females, which should be more fecund than small females. Our study complements previous ones performed on taxa where sperm competition can be intense (Harcourt et al., 1981; Mùller, 1988 Mùller, , 1989 Mùller, , 1991 Cook & Wedell, 1996; Wedell, 1997) .
METHODS
Data on adult female body size, adult male body size and testis size were obtained from the catalogue compiled by Petrochenko (1956 Petrochenko ( , 1958 and from original descriptions of species published between 1960 and 1990 in either the Journal of Parasitology or the Proceedings of the Helminthological Society of Washington. Male and female acanthocephalans are roughly cylindrical in shape; therefore for each species, male volume and female volume were calculated as (plw 2 )/ 4, where l is average body length and w is average body width. Testes are usually ovoid, and for each species the volume of each testis was estimated as (plw 2 )/ 6, where l is average testis length and w is average testis width. Total testis volume was obtained as the sum of the volumes of the anterior and posterior testes, which usually differ slightly in size.
Sexual size dimorphism was ®rst computed as the ratio of female volume to male volume, in order to obtain a distribution of relative dimorphism among species. For analytical purposes, however, we used the residuals of a linear regression of male volume on female volume as comparative measures of sexual size dimorphism for 2 reasons. First, this measure is preferable to the ratio of female and male volumes because it is not sensitive to the shape of the relationship between male and female volumes (Ranta, Laurila & Elmberg, 1994) . Second, the slope of the regression itself can suggest the action of sexual selection (Fairbairn & Preziosi, 1994) . A slope of 1 indicates that sexual dimorphism varies isometrically with body size, possibly because it is constrained. When females are larger than males, a slope that differs from 1, particularly a hypoallometric relationship (slope < 1) where female size increases at a faster rate than male size, i.e. sexual dimorphism increases with size, suggests the action of sexual selection (Fairbairn & Preziosi, 1994) . Other causal mechanisms can produce allometry, but most explanations postulate a role for sexual selection (Fairbairn, 1997) .
Total testis volume correlates with male body volume. To obtain measures of testis volume corrected for male volume, i.e. measures of investment in testis growth relative to body size, the residuals of a regression of total testis volume on male volume were used. However, a second-order polynomial regression was used because it provided a much better ®t to the data than a linear regression, and because it gave residuals that were normally distributed whereas those obtained from a linear regression were not. We tested whether the polynomial regression provided a better ®t than a linear regression using the F-test proposed by Zar (1984: 365) . The polynomial regression was chosen simply for these empirical and statistical reasons, and not as the representation of any underlying biological process. We also regressed total testis volume against female body volume to look for potential selection on ejaculate size mediated by female body size.
Analyses were performed both across log-transformed species values and across phylogenetically independent contrasts (Felsenstein, 1985; Harvey & Pagel, 1991) to highlight the in¯uence of phylogeny, if any, on the patterns observed. Contrasts were computed on logtransformed data using the CAIC 2.0 software package (Purvis & Rambaut, 1994) . A phylogeny was inferred from the acanthocephalan classi®cation of Amin (1985 Amin ( , 1987 , with additional information obtained from Golvan (1994) . Data on branch lengths in the phylogeny are not available. We therefore assumed that branch lengths are equal (i.e. punctuated evolution model); this has proved the most robust option when true branch lengths are unknown in simulation studies (Purvis, Gittleman & Luh, 1994) . All regressions and correlations involving contrasts were forced through the origin (see Garland, Harvey & Ives, 1992 , for justi®cation).
RESULTS
Data were obtained for 112 species, representing 47 genera (see Appendix). In all species, females are larger than males. In most species, females are no more than three times more voluminous than males, although the sexual size dimorphism can be much more pronounced in certain taxa (Fig. 1) .
Analyses across species values gave results almost identical to those obtained using phylogenetically independent contrasts. Male volume correlated strongly with female volume (species values: n = 112, r 2 = 0.794, P = 0.0001; contrasts: n = 41, r 2 = 0.834, P = 0.0001). The relationship, however, was hypoallometric (Fig. 2) , i.e. the slope of the regression was inferior to one (species values: slope = 0.767, 95% con®dence intervals (CI) = 0.694 to 0.841; contrasts: slope = 0.703, 95% CI = 0.643 to 0.763). In Fig. 2b there is an obvious outlier in the top right-hand corner of the plot; it corresponds to a contrast computed at the basal node of the phylogeny, i.e. computed among classes of acanthocephalan. Removing this outlier increases the estimate of the slope (to 0.720) but it still differs from one.
Total testis volume and male body volume were also strongly correlated (Fig. 3) . This relationship was not linear and was best explained by a polynomial function (species values: n = 112, r 2 = 0.640, P = 0.0001; contrasts: n = 41, r 2 = 0.669, P = 0.0001), in which testis volume increases at a much faster rate than male volume. The polynomial regression provided a statistically signi®-cantly better description of the relationship than a linear regression (species: F 1, 109 = 51.55, P < 0.001; contrasts: F 1, 38 = 17.51, P < 0.001).
Using residuals from the above regressions as measures of male volume corrected for female volume (i.e. sexual size dimorphism), and testis volume corrected for male volume, we found a signi®cant negative relationship between relative male size and relative investment in testis growth (Fig. 4) . This negative relationship was observed both before and after controlling for potential phylogenetic effects (species values: n = 112, r =70.242, P = 0.0086; contrasts: n = 41, r =70.312, P = 0.047). In other words, as relative male body size approaches female body size, investment in testis growth decreases. Total testis volume (absolute, not corrected for male volume) covaried linearly with female body volume (species values: n = 112, r 2 = 0.463, P = 0.0001; contrasts: n = 41, r 2 = 0.471, P = 0.0001); polynomial functions did not provide a better ®t to the data. The slopes, however, were clearly hypoallometric (species values: slope = 0.164; contrasts: slope = 0.188). This means that testis volume in males increases at a much slower rate than female body volume.
DISCUSSION
Producing copious amounts of sperm is a common strategy in animal species where males face intense sperm competition (Harcourt et al., 1981; Mùller, 1989 Mùller, , 1991 Cook & Wedell, 1996; Wedell, 1997) . In acanthocephalans, the use of copulatory plugs by males greatly reduces the likelihood of sperm competition (Crompton, 1970 (Crompton, , 1985 . The results of our comparative analysis show clearly that relative investment in testis growth decreases as the intensity of male±male competition for access to females, measured using sexual size dimorphism, increases. Obviously, sexual size dimorphism is not the ideal substitute for a more direct measure of the intensity of male±male competition; it has, however, often been shown to provide a reliable index of this competition (Mitani et al., 1996; Poulin, 1997a) . However, the results still suggest that large ejaculate size is of little advantage to acanthocephalans, and that the relative value of large testes decreases with increasing male body size. The highly hypoallometric relationship between testis volume and female body volume also suggests that female body size itself does not select for large testis size in males. We could only address the male side of the equation in our study. Female body size or female investment in reproduction may change in response to male±male competition and/or sperm competition. There were insuf®cient data on ovary size or other measures of female reproductive investment to investigate this possibility. Another research direction made dif®cult by the unavailability of data is using the sex ratio as a more direct measure of the intensity of sexual selection. Crompton (1970 Crompton ( , 1985 points out, however, that the acanthocephalan sex ratio varies considerably over time because of the great difference in the longevity of males and females, perhaps making it a more variable estimate of the intensity of male±male competition. There exist some comparative data on acanthocephalan sex ratios (Poulin, 1997b ), but unfortunately not on a suf®cient number of the species included here to allow a meaningful analysis.
The relationship between male volume and female volume was hypoallometric, i.e. with a slope smaller than one. In groups where females are always larger than males, this means that sexual size dimorphism increases with increasing average body size, and tends to be more pronounced in large-bodied species than in small-bodied ones. Previous workers suggested that a hypoallometric relationship between male and female body size supports a role for sexual selection in the evolution of sexual size dimorphism, without excluding other mechanisms (Fairbairn & Preziosi, 1994; Fairbairn, 1997) . The information previously available on the reproductive biology of acanthocephalans (Crompton, 1970 (Crompton, , 1974 (Crompton, , 1985 Abele & Gilchrist, 1977; Parshad & Crompton, 1981; Richardson et al., 1997) strongly suggests that male±male competition plays an important role in these worms. Other components of sexual selection may somewhat weaken the link between male±male competition and sexual size dimorphism. For instance, there is circumstantial evidence that males may be choosy when mating with females, preferring larger females (Lawlor et al., 1990) . Still, our results and most previous observations point toward an important role of sexual selection in the evolution of sexual size dimorphism in acanthocephalans, making this measure a good comparative index of the strength of sexual selection in a given species.
In summary, we ®nd that in species where male±male competition appears intense, male acanthocephalans invest less in testis growth. Growth of testes beyond the minimum size required to ensure fertilization is not favoured in this taxon, where sperm competition is prevented or at least minimized by the use of copulatory plugs by males. Most comparative studies to date have focused on groups where sperm competition can be severe (Harcourt et al., 1981; Mùller, 1989 Mùller, , 1991 Cook & Wedell, 1996; Wedell, 1997) . It will now be interesting to see if the patterns observed among acanthocephalans also occur in other invertebrate taxa where sperm competition is of limited importance. 
